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Background and purpose -The pathomechanics of the EssexLopresti lesion are not fully understood. We used human cadavers and documented the genesis of the injury with high-speed cameras.
Methods -4 formalin-fixed cadaveric specimens of human upper extremities were tested in a prototype, custom-made, dropweight test bench. An axial high-energy impulse was applied and the development of the lesion was documented with 3 high-speed cameras.
Results -The high-speed images showed a transversal movement of the radius and ulna, which moved away from each other in the transversal plane during the impact. This resulted into a transversal rupture of the interosseous membrane, starting in its central portion, and only then did the radius migrate proximally and fracture. The lesion proceeded to the dislocation of the distal radio-ulnar joint and then to a full-blown Essex-Lopresti lesion.
Interpretation -Our findings indicate that fracture of the radial head may be preceded by at least partial lesions of the interosseous membrane in the course of high-energy axial trauma.

The Essex-Lopresti lesion is a rare but severe injury of the human forearm. It is defined as a fracture of the radial head, a rupture of the interosseous membrane, and a disruption of the distal radio-ulnar joint (Figure 1 ) (Essex-Lopresti 1951) . While the fracture of the radial head can easily be seen on plain radiographs, lesions of the interosseous membrane and the distal radio-ulnar joint may be missed (Jungbluth et al. 2006, Götz and Schulz 2013) , leading to longitudinal forearm instability (Green and Zelouf 2009, Wegmann et al. 2012) .
The pathobiomechanics of the lesion are not fully understood. It is not known which structure yields first. The radial head is known to be the primary longitudinal stabilizer of the forearm (Green and Zelouf 2009) , which together with the interosseous membrane transfers load from the hand to the elbow, while the load transfer shifts towards the membrane when the radial head is deficient (Markolf et al. 2000 , Shepard et al. 2001 .
We created an artificial Essex-Lopresti lesion in human cadaveric upper extremities by the use of a custom-made test bench, and documented the chronological order of the development of the 3 lesions with high-speed video cameras.
Materials and methods

Specimen preparation
We used 4 formalin-fixed arms. The specimens came from 2 female and 2 male volunteer body donors with an average age of 84 (74-91) years. The specimens were disarticulated at the shoulder joint and screened for adequate range of motion and for preexisting bony pathologies by fluoroscopy in anteroposterior and lateral view. The humerus was cut at midlevel. The phalanges were resected to allow easier potting. The skin and the complete soft tissue envelope including the muscles were removed to view the radial head, the interosseous membrane, Figure 1 . An Essex-Lopresti lesion: comminuted fracture of the radial head, resulting in proximalization of the radius and dislocation of the unstable distal radio-ulnar joint. and the distal radio-ulnar joint. The joint capsules and ligaments at the elbow and at the wrist joint were preserved. Care was taken to spare the central band of the interosseous membrane as well as the distal and proximal oblique cord (Noda et al. 2009 ).
Test bench and custom-fit specimen fixation
The test bench was designed and constructed for the sole purpose of trauma simulation in the upper extremities. McGinley et al. (2009) reported that energies in the range 73.5-294 J induced Essex-Lopresti lesions. To generate a high-speed impact with impact velocities higher than 4 m/s, we constructed a drop-weight test bench that allows generation of impact energy up to 400 J and potential peak forces of up 4.5 kN. The impulse is generated by a crosshead, which is held and can be released by an electromagnet. The crosshead hits against an impact stamp to transmit the impulse almost without friction onto the wrist of each specimen. The proximal end of the specimen, the cut humerus, was potted to a shiftable socket at the ground plate ( Figure 2 ).
In the constructed test bench, the amount of energy created can be altered by the drop height (0.5-1.3 m) and by adding weight to the crosshead (11.7 kg if unloaded, up to 26.8 kg). We chose a weight of 21.6 kg to be added to the crosshead and a falling height of 1 m, to create a calculated impact speed of crosshead of about 4 m/s. With these parameters, we aimed to create kinetic energy of about 210 J hitting the specimen.
An essential part of the experiments was the adequate positioning and fixation of the specimens in the test bench. To allow the radius and ulna to move independently after impact, the energy had to be applied to the proximal carpal row. This was achieved by acrylate-potting of the distal carpal row and the metacarpals in a hollow cylinder, which was clamped on a special hand-plate with an integrated coordinate system. The specimen was placed in such a way that the wrist was at 0° of extension/flexion, and the forearm in full pronation. This position has been suggested to lead to the Essex-Lopresti lesion in a trauma situation (McGinley et al. 2003) . In addition, we chose to set the elbow in 15° of flexion, which made specimen fixation in the test bench easier.
The center of the impact stamp stood vertically in the center of the proximal force sensor. The cut humerus was also potted using acrylate cement and fixed with the hollow cylinder against the shiftable baseplate, which was centered over the distal force sensor. The shiftable baseplate allowed 2-dimensional adjustment of the position of the specimen. With this fixation method, almost any desirable alignment of the specimens could be achieved.
Force measurements and video documentation
For control reasons, 2 force sensors were mounted on the test bench. 1 sensor (piezo-electric measuring sensors, Kistler type 9011A; Kistler, Winterthur, Switzerland) with a frame rate of 45 kHz was placed proximally in the impact stamp, and a second one (Kistler type 9061A) with a frame rate of 100 kHz was placed between the slide unit and the hollow cylinder distally. The raw signal was transformed with an 8-channel charge amplifier (Kistler type 9865E). The force signals were scanned by an AD/DA module from National Instruments (USB-6259; National Instruments Corporation, Austin, TX).
3 high-speed cameras (type HCC 1000 (F) BGE, Vosskuehler; Allied Vision Technologies GmbH, Stadtroda, Germany) were used to record the impact at 1,825 frames per second, with an image resolution of 1024 × 256 pixels, and they were aligned at an angle of 120° each, to achieve a 360° view around the specimen. Every camera pointed either to the radial head, the interosseous membrane, or the distal radioulnar joint. The high-speed cameras, the force sensors, and the triggering of the magnetic clamp were synchronized and started simultaneously. Customized simulator software for synchronization and data recording was programmed using the LabVIEW development environment (ver. 2010; National Instruments Corporation).
Results
Full Essex-Lopresti lesions were created in the 4 specimens. The application of about 200 J to the wrist via crosshead 2 led to a fracture of the radial head, a disruption of the interosseous membrane, and a dislocation of the distal radio-ulnar joint. The high-speed video documentation revealed the sequence of the development of the lesions in the cadaver models ( Figures  3 and 4) .
According to the high-speed images, radius and ulna bow away from each other in the transversal plane under the explosive loading conditions, due to bending of the 2 bones. This leads to tension in the interosseous membrane in a transversal direction. Thus, with increasing axial load, the interosseous membrane ruptures in a transversal direction. An immedi- Force-measuring device ate proximal movement of the radius towards the capitellum was noticed in the images. This forceful proximalization of the radius then led to fracture of the radial head and the subluxation of the radio-capitellar joint ( Figure 5 ). The displacement of the radius against the ulna led to dislocation of the distal radio-ulnar joint, resulting in a full-blown EssexLopresti lesion. The observations regarding the chronological order of the development of the lesions were consistent in all 4 specimens (Table) . The force measurements showed that the initiated impulse (superior force sensor) was higher than the diverted impulse (inferior force sensor), representing a damping action by the specimen. Figure 3C . ** marks the moment of fracture and proximalization of the radius, as in Figure 4B . The irregular lines in-between can be explained by dislocation movements of the radial head before the fracture, resulting in complete longitudinal instability.
Discussion
Owing to the lack of fresh human bones, formalin-fixed specimens are frequently used in biomechanical testing, and this is what we did. It has been shown that formalin alters bone and soft tissues by crosslinking the proteins without altering the secondary structure (Wilke et al. 1996 , Burkhart et al. 2010 (McGinley et al. 2003) . They investigated the influence of different rotational positions of the forearm on the resulting lesion. With the specimen in pronation, Essex-Lopresti lesions were created repeatedly. In the present setup, we used pronation in addtition with slight flexion. This also led to the desired injuries. We chose 15° flexion of the elbow, as it made positioning of the specimens in the test bench much easier. Unlike McGinley et al., we documented the development of the lesion visually.
In a recent MRI study, it was supposed that even in lowgrade radial head fractures, involvement of the corresponding soft tissues is more likely than previously assumed (Hausmann et al. 2009 ). When performing MR imaging on 14 patients with Mason type-I radial head fractures, at least partial lesions of the interosseous membrane were found in 9 of the individuals. It is common knowledge that a high incidence of concomitant injuries of the collateral ligaments is encountered with fractures of the radial head (Davidson et al. 1993 , Itamura et al. 2005 ). In our experimental setup, we found that through application of high-energy loads, the first structure to yield was the interosseous membrane due to transverse movement of the radius and ulna. The longitudinal stabilizing effect of the interosseous membrane is thereby lost, followed by the fracture of the radial head.
It cannot be stated from our study that every fracture of the radial head is accompanied with a relevant injury to the interosseous membrane or the distal radio-ulnar joint. On the one hand, we used fixed specimens-and on the other hand, the dynamic stabilizing effect of the forearm muscles was absent. Yet the results of the study indicate a connection between the lesion of the interosseous membrane and of the one of the radial head in high-energy axial trauma to the forearm. We must emphasize awareness of complex lesions of the forearm when treating radial head fractures. Clinical and radiological examination of the whole forearm unit along with the medial and lateral elbow is important, so that concomitant ligamentous injuries will not be missed. If radial head fractures are operated on, one should consider intraoperative tests to check for longitudinal forearm instability (Smith et al. 2002 , Soubeyrand et al. 2006 .
